With the introduction of autoradiographic tech niques to measure cerebral blood flow (Landau et aI. , 1955; Reivich et aI. , 1969; Sakurada et aI. , 1978) and glucose utilization (Sokoloff et aI., 1977; Hawkins et aI. , 1979) , the heterogeneity of local perfusion and glucose consumption in the central nervous system came to be recognized as a physi ological phenomenon. These approaches take ad vantage of the high resolution of autoradiograms and allow hemodynamic and metabolic properties of the brain to be studied at a structural level.
film for 2 weeks for autoradiography of 3H-amino acid incorporation into proteins. 14C radioactivity remaining in the tissue section after wash-incubation was deter mined by exposing sections again for 2 weeks to Kodak NMB film; the resulting contribution to the blackening of 3H-autoradiograms was corrected for by means of digital subtraction using an image-processing system. The triple tracer autoradiographic technique was validated in rats under various physiological and pathophysiological con ditions. In intact animals extinction correction was nec essary only for 3H-autoradiograms. Under pathophysio logical conditions. however, significant contamination of 1311 by 14C occurred in regions with low blood flow and increased glucose utilization rate; this also required cor rection by digital subtraction. The interpretation of triple tracer autoradiographic results is limited by the same restrictions as single-tracer autoradiography, but the si multaneous assessment of the three parameters consid erably facilitates the interpretation of the flow/metabolic relationship. particularly under pathological conditions. Key Words: Blood flow-Glucose consumption-Pro tein synthesis-Triple-tracer autoradiography.
Under pathophysiological conditions, it becomes even more important to be able to locate discrete changes, since there is usually a wide variability of regional metabolic reactions, and a meaningful in terpretation of the relationship between blood flow and metabolism depends on the regional and pref erably simultaneous determination of the parame ters of interest. Using double-tracer autoradiog raphy for the simultaneous assessment of regional cerebral blood flow and glucose utilization, consid erable variations of this relationship have been ob served as compared to physiological conditions (Mies et aI. , 1981a, b; Lear et aI. , 1984) . It has to be considered, however, that there are limitations for the application of the [14C]deoxyglucose (e4C]DG) method for measuring glucose metabo lism because rate constants for [14C]DG transport and phosphorylation, as well as the lumped con stant determined in awake normal animals, may be invalid for acute pathophysiological states (Crane et al.. 1981; Diemer and Gjedde. 1983; Mies et a!. . 1983b ). Furthermore. it is often difficult to distin guish between aerobic stimulation of glycolysis as the consequence of functional activation and an aerobic glycolysis due to limited oxygen availability because [14C]DG-6-phosphate ([14C]DGP) may ac cumulate in both metabolic situations to a similar degree. For this reason, another dynamic parameter to describe the metabolic state of cerebral tissue is of interest, namely, protein synthesis: Changes in amino acid incorporation into proteins have been reported to occur during various pathophysiological events (Dunn et a!., 1971; Wasterlain, 1974; Reith et a!., 1978; Kiessling and Kleihues, 1981) , in cluding recovery of brain tissue from an ischemic insult Hossmann, 1971, 1973; Yana gihara, 1976; Cooper et a!., 1977; Dienel et aI., 1980; Bodsch and Ta kahashi, 1984) .
In developing an autoradiographic procedure al lowing the simultaneous measurement of cerebral blood flow, glucose consumption, and amino acid incorporation into cerebral proteins, it is necessary to be able to differentiate autoradiographically be tween the isotopes used for this purpose. The au toradiographic separation of 13 11-iodoantipyrine (l3II-IAP) and [14C]DG for the determination of ce rebral perfusion and glucose utilization in the same animal has already been established (Mies et a!., 1981a) . If tritiated compounds are used as the third tracer, for example, 3H-amino acids for the labeling of cerebral proteins, cross-contamination from 3H during 1311 and 14C autoradiography can be avoided by using conventional single-coated x-ray films; these films are covered by a gelatin layer that pre vents 3H disintegrations from reaching the emulsion of the film (Feinendegen, 1967) . Such a coating is absent in "3H-sensitive" film, e.g., LKB Ultrofilm, which has been developed to allow 3H-tracer au toradiography and which is suited for assessing 3H_ amino acid incorporation into proteins. However, such films are also exposed by 13 1 I or 14C radioac tivity present in the brain section. 13 11 can be al lowed to decay but 14C radioactivity has to be re moved from the tissue. As demonstrated by Mies et a!. (1983a) , this can be achieved by wash-incu bation of brain sections to liberate unbound [14C]DG and [14C]DGP and has the additional ad vantage of removing free 3H-amino acids as well. Exposure of wash-treated brain sections to "3H_ sensitive" film should then lead to an image pro duced mainly by labeled cerebral proteins. How ever, this may include substantial contamination arising from any non-washed-out 14C, particularly in injured brain regions in which [14C]DG and/or [14C]DGP radioactivity may be increased although the rate of 3H-amino acid incorporation is reduced. The validity of multiple-tracer autoradiography, therefore, should be tested not only for physiolog ical but also for pathophysiological conditions, and criteria should be established under which condi tions digital subtraction techniques are necessary for deconvolution of contaminated autoradiograms. In the following, such a study will be presented.
MATERIALS AND METHODS

Animal preparation
SlIrRica/ procedllre. Experiments were carried out on 24 rats of the BD IX strain and on five stroke-prone spon taneously hypertensive rats of both sexes weighing 200-250 g. Animals were anesthetized as described below. and polyethylene catheters were inserted into both femoral arteries and veins. Unless otherwise stated, a trache otomy was performed allowing controlled artificial ven tilation with a rodent respirator after immobilization with curare (1.5 mg/kg i.v.). Body temperature was maintained at 37°C by means of an infrared heating lamp. During the experiment. arterial blood pressure was monitored con tinuously. Arterial blood gases were also measured.
Erperimenta/ grollps. In the first series of experiments.
intact animals were investigated under various types of local or general anesthesia. In seven rats, anesthesia with 0.8% halothane was restricted to the surgical preparation.
These animals were not tracheotomized, but in two rats eyelid� were sutured. Skin wounds were infiltrated with xylocaine and animals were allowed to recover from an esthesia for at least 2 h. During tracer application animals were partially restrained. In rats with sutured eyelids the right eye was exposed to 3/s light flashes to intensify uni lateral visual input. Nine animals were kept under anes thesia after surgery using 0.8% halothane (n = 3). 70% nitrous oxide (n = 3). or barbiturate (50 mg/kg i.p.; n = 3) but were otherwise intact.
In the second series of experiments. the autoradio graphic procedure was validated under various patholog ical conditions. For this purpose experimental brain tu mors were produced by stereotactical inoculation of an RGI 2.2 glioma cell suspension (20,000 cells/IO fLl me dium) in five rats under pentobarbital anesthesia (50 mg/ kg i.p.) as described before (Hossmann et aI., 1982) . After 3-4 weeks a spherical tumor developed in the caudate/ putamen. Rats were reanesthetized with pentobarbital (50 mg/kg) and surgical preparation was performed as de scribed above. In three rats cryoinjury of the cortex was performed under 0.8% halothane anesthesia according to Klatzo et al. (1958) . In five stroke-prone spontaneously hypertensive rats (courtesy of Prof. Y. Yamori, Izumo) autoradiographic measurements were performed under 0.8% halothane anesthesia.
Time course of tracer application
Animals received an intravenous bolus of 10 fLCi r14CjDG/100 g body weight (specific activity 300-350 mCi/mmol; NEN, Dreieich, ER.G.) to measure the met abolic rate of glucose (Sokoloff et aI., 1977) . Arterial blood samples were collected at increasing time intervals of 20 s to 10 min and were immediately centrifuged and stored on ice for subsequent measurement of glucose con-tent and 14C plasma radioactivity. [I4CJDG was allowed to circulate for 45 min.
Twenty-five minutes after [I4CJDG bolus injection, a mixture of tritiated amino acids (phenylalanine, tyrosine, isoleucine, leucine, and methionine; total concentration 50 j..L Cil100 g body weight) was infused over 30 s to mea sure cerebral protein synthesis (Bodsch and Hossmann, 1983) . Arterial blood samples were collected to trace 3 H plasma radioactivity.
Forty-five minutes after [I4CJDG application, cerebral blood flow in rats was measured by intravenous infusion of 100 j..L Ci 13II-IAP/IOO g (specific activity 7.45 mCi/mg, radiochemical purity 99%, unbound iodine < 2%; NEN, Dreieich, ER.G.) over a period of I min (Sakurada et al., 1978) while sampling arterial blood every 7-10 s. Arterial circulation was stopped by an intravenous bolus of 2 ml saturated potassium chloride solution.
1311 radioactivity of blood was measured in a gamma counter (Biogamma; Beckman Instruments, Fullerton, CA, U.S.A.) and 3H and 14C radioactivity in a liquid scin tillation counter (LnOO; Beckman Instruments). Plasma glucose content was determined with a glucose analyzer (Beckman Instruments).
Preparation of isotope brain standards
To estimate the optimal range of tissue radioactivity for autoradiographic separation of the three radionuclides, the isotope brain standards were prepared as follows:
/31J-JAP brain standards. In four BD IX rats, between 80 and 200 j..L Ci 131I-IAP/100 g body weight was infused over 30 s under halothane anesthesia and allowed to cir culate for 2 min. Brains were removed rapidly and di vided into both hemispheres. One hemisphere was im mediately frozen in cooled methylbutane ( _ 70DC). The cortex of the other hemisphere was dissected out, and after being weighed was digested in 2 ml hyamine hy droxide at 40DC for 4 h and 1311 radioactivity measured in a gamma counter (Biogamma; Beckman Instruments). From the frozen brain hemisphere 20-j..L m-thick coronal sections were cut serially at -20DC in a cryostat (SLEE, Mainz, ER.G.). The 13 lI-sections were apposed to x-ray film (Kodak NMB) for 24 h and a calibration curve was obtained by plotting the optical density of the cortex against measured I3lI radioactivity (j..L Ci/g wet. wt). For all measurements, appropriate corrections were made for the decay of 1311 after injection (t1/2 = 8.06 days).
[14C]JAP brain standards. Using a similar procedure [ 1 4C]IAP brain standards were obtained after systemic application of between 2.5 and 40 j..L Ci [I4CJIAPII00 g body weight (NEN, Dreieich, ER.G.). Cortical14C radio activity (j..L Ci/g wet wt) was measured in a liquid scintil lation counter (L 7100; Beckman Instruments) and cor rected for quenching. The relationship between optical density and tissue concentration of 14C was established after both 24 h and 2 weeks of exposure to x-ray film (Kodak NMB).
3H-Brain standards.
[3H]DG (0.5 -2 mCiianimal) was injected intravenously into four rats under halothane an esthesia and allowed to circulate for 45 min. 3H radio activity of brain sections (j..L Ci/g wet wt) was measured with commercially available tritiated polymer layers that were previously calibrated for brain tissue (Geary and Wooten, 1983) . Functions of calibration curves were ob tained by linear curve fitting and used to calculate tissue radioactivity, as described below.
Autoradiographic procedures
Brains were removed from the skull and cut coronally into 20-j..L m-thick sections in a cryostat (SLEE) main tained at -200C. 13 1 I autoradiography was performed by immediate exposure of brain sections and calibrated 1311 _ brain standards to Kodak NMB film for 24 h. 13 11 was allowed to decay for 10-12 weeks, the sections being stored during this time at a temperature of 0-1 DC to avoid autolytic changes of brain tissue. Prior to 14C autoradiog raphy, 13lI-brain standards were exposed for 2 weeks to ascertain the absence of measurable 13 11 radioactivity. Then the brain sections and corresponding 14C-standards were again autoradiographed for 14 days using Kodak NMB film to obtain 14C-images. Autoradiography of 3H _ amino acid incorporation into brain proteins requires re moval of the 14C tissue radioactivity and of free 3 H-amino acids. For this purpose brain sections were wash-incu bated in an aqueous solution containing 10% trichloro acetic acid, 70% ethanol, and 1% polyvinylpyrrolidone for 12 h. The remaining 14C radioactivity in wash-incu bated brain sections was assessed by a second apposition to Kodak NMB film for 2 weeks. 3H radioactivity in ce rebral proteins was measured by exposing the brain sec tions and 3H-standards to "3H-sensitive" film (LKB Ul trofilm).
The measurement of optical densities in brain sections and brain standards was performed with a rotating den sitometer (Scandig 3; Joyce Loebl, Gateshead, U.K.) driven by a laboratory computer (PDP-11/24; Digital Equipment, Maynard, CA, U.S.A.). For the evaluation of contaminated autoradiograms, the radioactivity to be subtracted was transformed into optical density using the calculated function of appropriate calibration curves, and this value was subtracted from the measured optical den sity of the contaminated autoradiogram. For example, for subtraction of 14C radioactivity from the contaminated 3H-autoradiogram, the former was determined with ap propriate standards on 3 H-insensitive Kodak NMB film. The same standards were then exposed together with the brain sections on 3H-sensitive LKB film, and optical den sity was expressed as function of 14C.
The optical density (OD) of contaminating 14C radio activity on tritium-sensitive LKB film (OD l �k B ) was com puted and then subtracted from the measured total optical density of the contaminated LKB autoradiogram (OD��� ) to yield the optical density of tritium (ODJ,f B ):
Subtraction of optical densities is possible only when iso tope radioactivity is linearly related to extinction. This is true for 14C radioactivity up to 0.5 and 0.35 j..L Ci/g wet wt after exposure to Kodak NMB or LKB Ultrofilm, re spectively (see Fig. 1 ). Similarly, subtraction of 14C con tamination from 13lI-autoradiograms was performed using 14C-autoradiograms prepared after the decay of 131 I. Image reconstruction of autoradiograms was per formed with an image-processing system (ID2000; DeAnza System, Santa Clara, CA, U.S.A.) using soft ware control modified from that written originally by Goochee et al. (1980) . Subtraction of contaminated im ages was carried out on a pixel-by-pixel basis after aligning the autoradiograms in the image processor. Dif ferences in sensitivity of the films to the same isotope were corrected by exposing the same set of standards to both films, and by establishing a linear function between the respective optical densities. (1977) and using the rate constants and the corresponding lumped constant for awake rats. Quanti tative evaluation of cerebral protein synthesis will be de scribed elsewhere (W. Bodsch, in preparation) . In the present study, 3H-amino acid incorporation into proteins was determined only qualitatively.
RESULTS
Validity of triple-tracer autoradiography
In a previous double-tracer investigation, differ entiation between 1311 and 14C was already carried out (Mies et aI., 1981a) . However, in the present study, the image-processing system used to mea sure optical density and the x-ray film (Kodak NMB) used for determination of the concentrations of 1311 and 14C in tissue by quantitative autoradiog raphy were different from those used previously; for this reason, the autoradiographical differentia tion between 1311 and 14C was revalidated. In addi- 1986 tion, the interference due to 3H radioactivity was also investigated.
Contamination of 13J
I-autoradiograms by 14C and 3 H. The contribution to the optical density origi nating from 14C and 3H during 1311 autoradiography was examined by exposing brain standards of each isotope to Kodak NMB film for 24 h. As illustrated in Fig. I A, no blackening of the film occurred below 0.2 /-LCi 14C/g brain tissue but above 0.45 j.LCi/g led to significant exposure by OD = 0.02 ± 0.004 (mean ± SD). On the other hand, up to 25 /-LCi 3H/ g brain tissue did not cause any blackening of Kodak NMB film after 24-h exposure; thus, pos sible cross-contamination by 3H was excluded.
The average tissue concentration of 1311 following infusion of 80-100 /-LCi 13II-IAP/I00 g body weight was 4.0-6.0 /-LCi/g, which produced an optical den sity in the range of 0.30-0.40 OD in blood flow autoradiograms. Percentage cross-contamination of 1311 autoradiography caused by 14C up to 0.45 /-LCi/ g amounted to not more than 5%. In intact animals, this concentration was never reached when 10 /-LCi [14C]DG/100 g body weight was injected for mea surement of glucose utilization. However, in patho-logical states an increase above this threshold was occasionally observed as a consequence of in creased glycolysis. To obtain an estimate of the highest possible contamination, the ratio of inte grated tracer concentrations in the blood was de termined under the various experimental condi tions. In undamaged brain tissue 14C cross-contam ination was <5% at a blood 131I114C integral ratio between 1. 8 and 8. 75 (Fig. 2) . At lower integral ra tios resulting from systemic 1311-IAP application of <80 fLCi/IOO g body weight and/or [14C]DG admin istration of > 10 fLCi/IOO g body weight and under pathological conditions with increased glycolysis, i.e., increased 14C in tissue, 14C cross-contamina tion may be as high as 19% and therefore has to be corrected for in 1311 images.
Contamination of 14C-autoradiogram by 1311 and 3H. 1311-brain standards were autoradiographed on Kodak NMB film for 2 weeks following 10-12 half lives of decay of 1311. As illustrated in Fig. IB , 1311_ brain standards with an initial radioactive content of 2-10 fLCi/g brain tissue were not detected auto radiographically; this provided evidence of com plete decay and the absence of radionuclide im purity of the l3lI-IAP charge. The lowest 3H-brain standard that could be traced was 23 fLCi 3H/g brain tissue, but the optical density amounted to only 0.01, which is below the resolution minimum of ex tinction readings. Under actual experimental con ditions, these tissue concentrations were never reached; autoradiographic images, in consequence, are derived exclusively from 14C disintegrations. tamination of 1311-autoradiograms by 14C in normal brain re gions (filled circles) and in brain tumors (open circles). Ab scissa represents the ratio of integrated tracer concentration of 1311 and 14C in the blood and the ordinate the contamina tion of 1311-autoradiograms by 14C, expressed as a percentage of total optical density. Note that in normal brain tissue cross-contamination is <5% at a '3'1/'4C blood ratio of >1.8.
In tumor tissue significant contamination occurs at any ratio, requiring digital subtraction procedures.
LKB Ultrofilm after decay for 10-12 half-lives did not produce any measurable extinction, but 14C led to the same or-at low concentrations-even more intense blackening than on Kodak NMB film (Fig.  IC) . For this reason, selective 3H autoradiography requires complete removal of [14C]DG and/or [l4C]DGP from the tissue section. The efficiency of 12-h wash-incubation to re move 14C from brain sections is illustrated in Fig. 3 where the initial 14C tissue radioactivity is plotted against the 14C content remaining in the tissue sec tion after wash treatment. 14C content was reduced to -14%, indicating substantial washout. However, although the remaining 14C in normal tissue amounted only to -0. 075 fLCi/g, the high autoradio graphic sensitivity of LKB Ultrofilm to 14C proved to be a considerable problem. For example, the 14C tissue content of 0.06-0.13 fLCi/g produced a black ening of LKB Ultrofilm after 2-weeks exposure from 0. 04-0. 09 OD, i. e., an extinction range that must be regarded as significant contamination in 3H-autoradiograms. It is not possible to overcome this problem by varying the concentration ratio of the radioactive tracers because the larger fraction of 3H radioactivity in the brain after 20-min incor poration comprises free amino acids that are re moved by wash-incubation. As shown in Fig. 4 , 14C radioactivity remaining in the tissue section after 12-h wash-incubation amounted to -80% of total optical density when the integrated blood 3H radioactivity was three times as high as the inte grated 14C blood radioactivity, and it declined to only 70% when the 3H/14C ratio was increased to 8. In consequence, extinction values of 3H-labeled ce- tamination of 3H-autoradiograms by 14C in normal brain tissue. The abscissa represents the ratio of integrated tracer concentrations of 3H and 14C in the blood and the ordinate the contamination of 3H-autoradiograms by 14C expressed as a percentage of total optical density. Note the substantial cross-contamination although sections were wash-incu bated for removal of 14C radioactivity and that contamination was only slightly reduced by increasing the 3H/14C tracer ratio in the blood.
rebral proteins amounted to only 20-30% of the total optical density. It is therefore imperative to apply digital subtraction procedures to obtain 3H_ images that are free of 14C contamination.
Linearity of the isotope concentration/extinction relationship. A prerequisite of optical density sub traction is the linearity between the isotope con centration and extinction. Linearity of this relation ship was tested by the ratio between the deviation of the means from the regression line and the de viation of ordinate values from the group mean (Sachs, 1984) . 13lI-Brain standards were linearly re lated to optical density over the whole 1311 concen tration range (F2. 1 2 = 0.1342). For Kodak NMB film (exposure of 14 days), a linear optical density/ 14C relationship was calculated for 14C-brain stan dards up to 0.5 f1Cilg (F 3 . 1 0 = 0.1114) ( Fig. I,  dotted line) . Linearity between extinction and 14C concentration for LKB Ultrofilm (exposure of 14 days) was limited to 0.35 f1Ci/g wet wt (Fl. 8 = 1.4417) (Fig. I, dotted line) , whereas 3H-standards were linear to extinction for all 3H tissue concen trations used (F6• 1 2 = 0.2847). It follows that digital subtraction of optical density is valid. This is most important for the 14C correction of 3H-images, which always involves subtraction of 14C contami nation. As shown in Fig. 3 , the highest 14C concen trations in pathological tissue (brain tumors) amounted to only 0.17 f1Ci/g wet wt after wash treatment of brain section, a 14C concentration that does not exceed the linear range of the optical den sity/14C relationship for LKB Ultrofilm.
Error propagation in digital su btraction. Data 1986 noise was estimated by calculating the maximal possible error with ± 1 SD of the mean (Sachs, 1984) . Due to the eight-bit configuration of the dig ital scanner, the resolution of the 2-0D range is -8 mOD/bit. In Fig. 5 the maximal error of pixel op tical density subtraction was plotted against per centage optical density subtracted from total ex tinction of 0.025, 0.075, 0.2, and 0.5 OD (solid lines). As is evident, the maximal error of subtrac tion is a function of both, namely, percentage sub traction and total optical density. To keep the max imal error of pixel subtraction at <30%, the per centage of subtracted optical density should not exceed 75% when total extinction is 0.2 OD or 25% for a total optical density of 0.075. Data noise in reconstructed images depends in addition on film characteristics or the reproducibility of extinction readings. This maximal error was estimated by sub tracting optical density of 14C from that of 3H-stan dards. The size of the area (209 pixels scanned at 75-f1m steps) in which extinction readings were per formed in scanned and reconstructed images was kept constant. In reconstructed images, a maximal error of <30% was obtained only when total optical density was >0.25 OD (Fig. 5, open circles) and when not more than 55% of extinction was sub tracted. However, the maximal error increased sub stantially further when higher extinction had to be subtracted.
Application of triple-tracer autoradiography
The differentiation and resolution of triple-tracer autoradiography were tested in a variety of actual experimental conditions. As an example, Figs. 6 and 7 represent images of cerebral blood flow, glu- was not observed in the corrected CPS image (for quantification of CBF and CMRglu see Table 1 ).
cose utilization, and protein synthesis in identical brain sections from a conscious rat during unilateral visual stimulation and from a tumor-bearing ani mal under barbiturate anesthesia. The images are arranged in such a way that the left column repre sents uncorrected digitalized autoradiograms and that on the right the tracer distribution after correc tion for cross-contamination from the isotope in question. In the awake animal, contamination of 1311_ and 14C-images was too low to cause signifi cant changes in regional optical densities and in consequence the calculated flow and metabolic rates (for codes of color bars, see Ta ble 1). How ever, distinct differences were detectable in the re constructed 3H-image (Fig. 6, bottom right) as compared with the uncorrected autoradiogram (Fig. 6, bottom left) . For example, after digital sub traction the hippocampus revealed labeling of pro-teins mainly in the pyramidal layer and dentate gyrus (Fig. 8) , whereas in the uncorrected LKB Ul trofilm autoradiogram the molecular layer of the hippocampus was also prominent due to significant 14C cross-contamination. As shown in Fig. 6 , visual stimulation of the right eye combined with left-sided visual deprivation led to an increase of blood flow and glucose utilization in the visual cortex and lateral geniculate body of the opposite side. This is due to the fact that �80% of the fibers of the optic nerves cross at the optic chiasma (Lashley, 1934) . In the image of amino acid incorporation, such asymmetries in central visual structures could not be observed.
As pointed out above, in pathological conditions one should verify that the assumption of negligible 14C cross-contamination in 1311-autoradiograms is valid. In fact, a distinctly lower blood flow was FIG. 7. Color-coded triple-tracer autoradiograms of CBF, CMRglu (CMRG), and cerebral protein synthesis (CPS) from identical brain section of tumor-bearing rat before (left) and after (right) digital subtraction of contaminating radioactivity. Note distinct cross-contamination by 14C of both 1311_ and 3H-autoradiograms, particularly in marginal regions of tumor. After subtraction a differentiation of tumor regions with low flow and high glucose utilization is possible; similarly, circumscribed regions with increased amino acid incorporation can be identified in the periphery of tumor although glycolysis is globally stimulated (for quantification of CB F and CMRglu see Table 1 ).
found in the solid parts of the brain tumor after appropriate correction of the 131 I-autoradiogram (Fig. 7, top right) . This was due to the fact that the glycolytic activity of the tumor was about two to three times higher than in the cortex. Similarly, un corrected 3H-images would have led to the inter pretation that the incorporation of 3H-amino acids was increased almost throughout the whole tumor mass, but appropriate digital subtraction of 14C con tamination revealed that increased protein syn thesis was restricted to circumscribed areas of tumor tissue in which blood flow and glucose me tabolism were preserved (Fig. 8) . Increased glycol ysis within neoplastic tissue accompanied by low perfusion and reduced rates of 3H-amino acid in corporation, on the other hand, may indicate the onset of necrosis in tumor tissue.
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DISCUSSION
The advantages of double-or multiple-tracer au toradiography for simultaneous assessment of CBF and metabolism have been recognized in the past, and various procedures have been proposed for this purpose (Blasberg et aI., 1980 (Blasberg et aI., , 1981 Diemer and Rosenorn, 1981; Lear et aI., 1981 Lear et aI., , 1984 Mies et aI., 1981a; Furlow et aI., 1983; Sako et aI., 1984) . Au toradiographic differentiation between isotopes has been achieved in the following ways: (a) by the use of one radio nuclide with a short half-life and a second stable one (half-life principle) (Blasberg et aI., 1980 (Blasberg et aI., , 1981 Lear et aI., 1981 Lear et aI., , 1984 Mies et aI., 1981 a; Sako et aI., 1984) ; (b) by the removal of one labeled compound from the brain section after the first exposure, either by direct (Furlow et , 1983) or by chemically induced (Diemer and Rosenom, 1981) dissolution of the labeled molecule in a liquid medium (wash treatment strategy); and (c) by the use of film material with different sensi tivity to energy emitted during disintegrations of ra dionuclides and by varying the distance between isotope and film emulsion (photographic differentia tion approach) (Livingstone and Hubel. 1981) . Autoradiographic differentiation of l3 11, 14C, and 3H as suggested by our triple-tracer technique com bines all three strategies for separate autoradio graphic registration of each of these isotopes. 1311 was chosen as the short-lived isotope because it ean be used for labeling lAP to measure cerebral blood flow (Blasberg et aI., 1980 (Blasberg et aI., , 1981 Mies et aI. , 1981a) and because it decays completely. This enables sub sequent autoradiography of 14C without contami nation of the images by the short-lived isotope. The use of 1231. as suggested by Lear et al. (1981) , has the advantage of a shorter half-life, but some prep arations contain 1 2 31, which is stable and therefore contaminates the 14C-autoradiograms. Other prep arations of 1251 are contaminated with 1241 (half-life of 4 days) and their use does not require subtraction (Lear et aI. , 1982) . Selective 14C autoradiography in the presence of 3H is possible by taking photo graphic material of which the emulsion is covered by a protective gelatin layer (Diemer and Rosenorn, 1981; Livingstone and Hubel, 1981) . Such a gelatin film usually is sufficient to absorb completely the low-energy particles from 3H disintegrations (Fei nendegen, 1967) . The latter can be autoradio graphed on "3H-sensitive" LKB Ultrofilm, which lacks such a coating. However, to obtain selective 3H-images, 14C radioactivity must be removed by wash-incubation of the section (Diemer and Rose nom, 1981) . In the present study, an ethanol ex traction in the presence of trichloroacetic acid and polyvinylpyrrolidone was used that previously had been shown to remove most of 14C used for the labeling of DG (Mies et aI. , 1983a) . This procedure has the additional advantage of removing of 3H-la beled free amino acids as required for autoradiog- raphy of protein synthesis (Bodsch and Ta kahashi, 1984) . The validity of our triple-tracer autoradiographic technique was critically examined, including var ious physiological and pathological conditions. In all investigated models, systemic application of � 100 fLCi l311 and 10 fLCi 14C produced no signifi cant contamination of 1311 by 14C in undamaged brain structures. However, in tumor tissue or in the border zone of infarcts, 14C concentrations may ac cumulate above the autoradiographic threshold as the consequence of anaerobic stimulation of gly colysis. 1311-Autoradiograms will then require ap propriate correction by digital subtraction of 14C ra dioactivity. To improve the differentiation between the two isotopes under these conditions, one may shorten the duration of 1311 autoradiography, which will increase the autoradiographic threshold of 14C. Alternatively, f3 emission from 14C could be sup pressed by interposing thin polymer layers between tissue sections and film (Blasberg et aI. , 1980 (Blasberg et aI. , , 1981 . In any case, under pathological conditions, one should rigorously examine whether 1311-images need to be corrected for 14C cross-contamination or not.
The autoradiographic differentiation between 14C and 3H turned out to be more difficult than ex pected, requiring image subtraction procedures not only under pathological but also under physiolog ical conditions. Several factors are respon sible: First, 14C radioactivity could not be com pletely removed from brain tissue sections; second, "3H-sensitive" LKB Ultrofilm was extremely sen sitive to any remaining 14C radioactivity; third, the radioactivity of 3H-labeled proteins was not high enough to neglect 14C contamination. Non-washed out 14C presumably originates from substrates other than [14C]DG and [14C]DGP and points to [14C]DG incorporation into other compartments (Hawkins and Miller, 1978; Nelson et aI., 1984) . To improve the 3H/14C tissue ratio, more intense 3H-Iabeling of proteins is necessary. This can be achieved by pro longing the duration of 3H-amino acid incorporation tumor-bearing rat. The resolution of reconstructed cerebral protein synthesis (CPS) images from normal rat brain is high enough to identify discrete anatomical structures. e.g., pyramidal cell layer of the hippocampus or dentate gyrus. The inhomogeneities of blood flow and metabolism in brain tumor tissue are clearly visible at higher magnification. In zones with low tumor perfusion, glycolysis is markedly stimulated but amino acid incorporation usually is lower than in the overlying cortex. High CPS in tumor does not correlate with CMRglu (for quantification of CBF and CMRglu see Table 1 ). (Dwyer et aI., 1982) or by increasing the tracer dose of 3H-amino acids. The latter, however, might in terfere with 14C autoradiography, but contamination could then be suppressed by placing a thin foil be tween the tissue section and photographic film (Blasberg et aI., 1980 (Blasberg et aI., , 1981 . It should be stressed that the degree of contamination encountered in the present study could be corrected for by digital sub traction without losing anatomical detail. Despite the maximal error of subtraction being as high as 50% (see above), resolution was still good enough to differentiate in reconstructed images of protein synthesis and glucose utilization between pyramidal and molecular layers of hippocampus, respectively. However, one should be careful in quantifying sub tracted 3H-autoradiograms, not only because of the mathematical error but also because of the regional J Cereb Blood Flow Metabol, Vol. 6. No. I, 1986 vanatlOn of inherent problems related to 3H self absorption, or the regional variation of the specific activity in free amino acids or transfer ribonucleic acids. For this reason, we prefer to determine actual protein synthesis in selected tissue samples and to use the data for calibration of the reconstructed au toradiogram.
Triple-tracer autoradiography for the simulta neous measurement of CBF, CMRglu, and cerebral protein synthesis is of particular interest for the study of pathological processes that are difficult to standardize, such as brain tumors, brain infarcts, etc. Obviously, the methodological restrictions for quantification of deconvoluted multiple-tracer au toradiograms are the same as for single-tracer au toradiography. This obviously also includes the problem of differential self-absorption of tritium in various structures of the brain (Orzi et aI., 1983) . However, the simultaneous application of these techniques greatly facilitates the interpretation of the results obtained: An increase of glucose utili zation in an area with reduced blood flow and re duced amino acid incorporation clearly suggests a Pasteur effect and is a symptom of impending cell injury, whereas the simultaneous rise of both glu cose utilization and amino acid incorporation as en countered in circumscribed regions of brain tumors suggests increased metabolic activity due to cell proliferation. Similarly, increases or decreases of blood flow can be interpreted either as physiolog ical response coupled to activation or inactivation of metabolic activity, or as pathological phenomena such as luxury or misery perfusion of brain tissue. In a recent study, triple-tracer autoradiographic measurements were further supplemented by im aging tissue pH and the regional content of ATP, glucose, and potassium (Hossmann et aI., 1985) . With this battery of imaging techniques, a very de tailed description of the hemodynamic and meta bolic accompaniments of the pathological process has become possible, allowing for the first time pre cise and unequivocal correlation of functional and morphological alterations. 
